Introduction
Obesity is characterized by extensive reorganization of the adipose tissue involving remodeling of the extracellular matrix 1 by the matrix metalloproteinase (MMP) family. 2, 3 The MMP family belongs to the zinc-dependent proteinases that are collectively able to cleave components of the extracellular matrix and several non-extracellular matrix proteins, such as adhesion molecules, proteinase inhibitors and other MMPs. [4] [5] [6] MMPs are constitutively expressed at very low levels, but are rapidly induced during development of obesity. [7] [8] [9] Synthetic MMP inhibitors interfere with adipocyte differentiation from preadipocytes 8 and prevent adipose tissue growth in mice on a high-fat diet. 10 Hence, the proteolytic activity of MMPs appears to be critical for adipose tissue development. The activity of MMPs is regulated at the level of gene transcription, proenzyme activation and via inhibition of their activity by endogenous tissue inhibitors (TIMPs). 11 In addition, TIMPs can exert biological activities independent of their MMP-blocking actions and promote adipose tissue development as shown for TIMP-1.
12
Obesity predisposes for the development of type 2 diabetes 13 and is associated with increased macrophage infiltration of adipose tissue that leads to a chronic inflammatory response that promotes insulin resistance. [14] [15] [16] This inflammatory response leads to diabetes development and cardiovascular disease in obese patients. [17] [18] [19] Dietary polyunsaturated fatty acids (PUFA), especially n-3 PUFA from marine fish oils, appear to exert beneficial effects on insulin sensitivity and the development of type 2 diabetes, 20 but the underlying mechanisms are still elusive. As adipose tissue remodeling and adipocyte enlargement are striking features of obesity and insulin resistance, we hypothesized that PUFA could interfere with these processes. Therefore, we studied the effect of PUFA on white adipose tissue remodeling and gene expression in a model of type 2 diabetes. db/db mice, which lack leptin receptors, display severe obesity and diabetes, thereby strongly resembling human obesity. 21 Compared to db/db animals on a diet enriched in saturated and monounsaturated fatty acids, n-3 PUFA decreased expression of genes involved in matrix degradation and production and also prevented adipocyte enlargement whereas n-6 PUFA had only marginal effects.
Materials and methods

Animals, diets and treatment
Male C57BL/KsJ-lepr db /lepr db diabetic (db/db) mice and their non-diabetic littermates (db/ þ ) were purchased from Charles River Laboratories Inc. (Sulzfeld, Germany) at 7 weeks of age and maintained under standard conditions. For the experiment, db/db and db/ þ mice (n ¼ 5-8/group) were fed for 6 weeks either a low-fat standard rodent diet (LF, 3 kcal% fat, N1324, Altromin, Germany) or high-fat diets that included 30% of calories from lard oil (rich in saturated and monounsaturated fatty acids, HF/S), safflower oil (rich in n-6 PUFA, HF/6) or the latter with 40% (v/v) of oil being replaced by a concentrate of highly purified n-3 PUFA (EPAX6000TG) (HF/3) (generously provided by Pronova Biocare, Lysaker, Norway). All fat supplements included 4 mg/g a-tocopherol (Sigma, St Louis, HO, USA) as antioxidant. Mice on high-fat diets were pair-fed and the average amount of food ingested was 7.6 g/day and similar among the different groups. Owing to the equivalent amount of fat and energy per gram high-fat diet, energy intake was comparable in mice on different high-fat diets. Fatty acid analysis revealed that HF/3 contained 25.1 mg n-3 PUFA/g diet, mostly eicosapentaenoic and docosahexaenoic acid in a molar ratio of 1.9:1 (Table 1) . After the mice were killed, gonadal and subcutaneous white adipose tissue was immediately snap frozen in liquid nitrogen and kept at À801C until isolation of total RNA. In a separate set of experiments, macrophages and adipocytes were isolated from adipose tissue from db/db animals fed HF/S to analyze gene expression separately for these cell types. Following collagenase digestion (Liberase 3; Roche Applied Science, Mannheim, Germany) of gonadal adipose tissue and removal of undigested material by passing through a 250-mm nylon mesh, adipocytes were separated by flotation and macrophages purified from the stromal vascular fraction by magnetic sorting (Miltenyi, Biotech GmbH, Bergisch Gladbach, Germany) of F4/80 þ cells yielding a purity of 495%. The study protocol was approved by the local ethics committee for animal experiments and the guidelines on accommodation and care of animals formulated by the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes were followed.
Fatty acid analysis of diets and gonadal white adipose tissue Fatty acids from diets and gonadal adipose tissue were analyzed essentially, as described previously, 22 with some modifications. Ten to 15 miligrams of adipose tissue were methanolyzed with methanol/toluene containing heptadecanoic acid methyl ester as internal standard. The organic phase was separation on a Fisons 8000 gas chromatograph equipped with an AS 800 automatic injector, a flame ionization detector and a 30m Â 0.25 mm capillary column (Restek, Bellefonte, PA, USA). Calibration was performed as described 23 and fatty acid methyl esters were identified by authentic standards (Supelko, Bellefonte, PA, USA). 0 -AGCTATGCTCTTGGGACCAGCGGG-3 0 ) normalized to 18S VIC-TAMRA-labeled endogenous control (Applied Biosystems). Expression of specific mRNAs in each sample was quantitated in duplicates with a tolerated variance of p10% in an ABI PRISM 7000 Cycler (Applied Biosystems). Relative gene expression from 4-5 mice per group was normalized to 18S in gonadal and subcutaneous white adipose tissue. RNA from gonadal adipose tissue was also used for evaluation of gene expression by U74Av2 GeneChip microarrays (Affymetrix, Santa Clara, CA, USA), as detailed. 25 Briefly, unpooled cRNA from three animals per group was labeled by in vitro transcription and hybridized to individual microarrays (one array for each mouse) according to the manufacturer's protocols. Following normalization of scanned images, gene abundances were estimated by robust multi array analysis. 26 Relative gene expression estimates as revealed by quantitative real-time PCR and microarray analysis, respectively, highly correlated with each other (correlation of standardized differences: r 2 ¼ 0.89, Po0.0005).
Histochemistry and immunofluorescence
Tissue samples of gonadal adipose tissue were fixed with 5% paraformaldehyde and paraffin embedded. Sections of 5 mm were stained with hematoxilin-eosin (HE), Gomori's trichrome or aldehyde fuchsin. For immunofluorescence, sections were deparaffinized and treated with Antigen Unmasking Solution (Vector Labs, Burlingame, CA, USA). After blocking with 10% donkey serum and streptavidin/ biotin blocking kit (Vector Labs), sections were stained for MMP-12 using a polyclonal goat antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and detected by a biotinylated donkey anti-goat IgG and Alexa Fluor 488 Streptavidin. Subsequently, sections were blocked with 10% goat serum and macrophages were stained using a monoclonal rat anti-MAC-2 antibody (Cerderlane Laboratories, Ontario, Canada) and Alexa Fluor 594 goat anti-rat IgG (all secondary antibodies were from Molecular Probes, Inc., Eugene, OR, USA). Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI) and mounted with Vectashield mounting medium (Vector Labs).
Mean adipocyte surface area Hematoxylin-and eosin-stained slides from adipose tissue were analyzed. Five different representative microscopic fields were captured manually from sections of each animal (three animals/group) and quantitated with an image analysis system (AnalySiS, Soft Imaging, Münster, Germany). The mean adipocyte area was calculated from more than 100 cells per mouse in each group.
Statistics
Data are given in means7s.e.m. Diet effects were compared to db/db mice fed HF/S by univariate analysis of variance (ANOVA) using Dunnett's t-test for post hoc analysis. Gene expression data from quantitative reverse transcriptasepolymerase chain reaction (RT-PCR) and microarrays exhibiting unequality of variances between groups according to Levene's test were log-transformed before ANOVA. The use of db/db animals on HF/S diet as a control group allowed simultaneous statistical evaluation of the effect of high-fat diet per se and modifications of this effect by inclusion of different PUFAs.
Results
Dietary treatment and adipose tissue fatty acid composition
Obese diabetic db/db mice were fed either LF or HF/S, HF/6 or the latter including HF/3 whereas lean non-diabetic db/ þ animals were kept on LF. Fatty acid composition of the diets is given in Table 1 . Fatty acid analysis of the gonadal adipose tissue revealed a significant enrichment of C20 and C22 n-3 PUFA in db/db mice on HF/3 compared with mice on the other high-fat diets (Table 2 ). These data show that enteral long-chain n-3 PUFA supplementation resulted in enrichment of these fatty acids in adipose tissue, hence fulfilling an important prerequisite for a potential direct effect of these fatty acids in adipose tissue.
Expression of genes involved in matrix degradation
When elucidating the expression of genes involved in matrix degradation, we found that HF/S upregulated MMP-3, -12
n-3 PUFA prevent adipose tissue remodeling J Huber et al and -14 expression in gonadal and subcutaneous adipose tissue of db/db mice when compared to LF (Figure 1a and b) , whereas MMP-15 remained unaltered. MMP-1 was not detected and MMP-2, -7, -8, -9, -10, -11, -13, -16, -17 and -24 showed no changes between the db/db animals on highfat and LF diets, respectively (data not shown). As activity of mature MMPs and activation of proenzymes are in part regulated by their physiological inhibitors, the TIMPs, we compared expression of the four members of the TIMP family (TIMP-1-TIMP-4) in white adipose tissue. TIMP-1 mRNA expression was strongly elevated in gonadal and subcutaneous adipose tissue of db/db mice fed HF/S compared with mice on LF (Figure 1a and b) . The mRNA expression of TIMP-2 and -3 showed no significant changes between the groups on the high-fat diets and TIMP-4 expression was very low (data not shown). Compared to HF/S, inclusion of n-3 PUFA completely prevented upregulation of MMP-12, -14 and TIMP-1 in gonadal ( Figure 1a ) and subcutaneous adipose tissue (Figure 1b) . In contrast, inclusion of n-6 PUFA affected gene expression only to a minor extent.
In addition, the disintegrin-like metalloproteinase (ADAM)-8 was upregulated in gonadal and subcutanous adipose tissue in HF/S-treated db/db mice (Figure 1a and b) . Cathepsins K, L and S were regulated in a similar manner (Figure 1c) . Again, inclusion of n-3 PUFA completely abrogated the high-fat diet-induced increase in gene expression of these collagen-degrading enzymes. Moreover, expression of MMP-12, -14, TIMP-1, ADAM-8, and cathepsins K, L and S was significantly lower in db/ þ mice fed LF than in db/db animals on the same diet (Figure 1 ), revealing that expression of these genes was enhanced by obesity and further increased upon exposure to high-fat diets lacking n-3 PUFA. Thus, increased expression of genes involved in matrix degradation in adipose tissue of diabetic mice owing Figure 1 Expression of genes involved in matrix degradation in adipose tissue. Obese diabetic db/db mice were fed either low-fat diet (LF) or high-fat diets rich in saturated and monounsaturated fatty acids (HF/S), n-6 PUFA (HF/6) or the latter including n-3 PUFA (HF/3); lean non-diabetic db/ þ animals were kept on LF. Relative gene expression was evaluated by quantitative real-time PCR (indicated by a black dot) normalized to 18S or oligonucleotide microarrays in gonadal (a, c) and subcutaneous adipose tissue (b). Gene expression in db/db mice fed LF was set to 100%. MMP, matrix metalloproteinase; TIMP-1, tissue inhibitor of matrix metalloproteinase-1; ADAM-8, a disintegrin-like and metalloproteinase-8. For statistical evaluation, db/db animals on different diets were compared to the HF/S group whereas indicators on columns from db/ þ mice refer to differences compared to db/db both on LF. Significance of differences is indicated as follows: *Po0.05; y Po0.01; # Po0.001. n-3 PUFA prevent adipose tissue remodeling J Huber et al to high-fat diet was efficiently reversed by the inclusion of n-3 PUFA without reducing body weight (data not shown).
Adipocyte size and liver triglyceride content Considerable differences in adipocyte size in db/db mice fed LF diet compared with db/ þ mice on the same diet ( Figure  2a , e and f) were apparent in histological analysis. In addition, adipocyte areas were enlarged by another 1.55-fold in db/db mice on HF/S compared with those on LF (Figure 2a , b and f). Mean adipocyte area in db/db mice was partially diminished by n-6 PUFA (Figure 2c and f), but n-3 PUFA significantly reduced mean adipocyte area to levels found in db/db mice on LF (Figure 2d and f) . Thus, inclusion of PUFA and particularly n-3 PUFA prevented the high-fat dietinduced increase in adipocyte size. A previous study from our laboratory revealed metabolic effects of n-3 PUFA in db/db mice by affecting a significant reduction of plasma triglyceride concentrations in mice on HF/3 compared with HF/S (1.1 vs 2.7 mmol/l) despite an increased body weight in db/db mice on HF/3 compared with other high-fat diets. 27 These data together with the decreased size of individual adipocytes suggested an expanded fat storage capacity of adipose tissue under n-3 PUFA treatment that is expected to reduce ectopic fat accumulation as it occurs in the liver of obese mice. Liver weight/gram body weight was significantly lower in db/db mice on HF/3 compared to HF/S, but similar between other diets in db/db animals (Table 3) . Notably, the reduction in liver weight by HF/3 was paralleled by a significant reduction in hepatic triglyceride content compared with HF/S, whereas HF/6 elicited only a minor decrease (Table 3) .
MMP-12 protein expression
Among the MMPs upregulated by HF/S in db/db mice (MMP-3, -12 and -14), MMP-12 mRNA expression was among those increased to the highest extent (Figure 1a and b) . MMP-12 hydrolyzes a broad spectrum of extracellular matrix proteins 28 and is required for macrophage tissue invasion. 29 MMP-12 mRNA can be expressed in macrophages, 28 preadipocytes 30 and mature adipocytes. 9 To investigate whether MMP-12 protein parallels mRNA expression and to determine whether MMP12 protein is predominantly associated with adipocytes or macrophages, we first performed double immunofluorescence staining of MMP-12 and macrophages (MAC-2; Figure 3 ). Some MAC-2 þ cells, but essentially no MMP-12 expression, was found in db/db mice on LF (Figure 3a) . In contrast, MMP-12 protein was strongly expressed in db/db mice on HF/S (Figure 3b and c) , both in macrophages and in adipocytes (Figure 3b and c) . However, inclusion of n-6 ( Figure 3d ) and particularly n-3 PUFA (Figure 3e ) prevented high-fat diet-induced expression of MMP-12 in adipose tissue of db/db mice. In contrast, db/ þ mice on LF neither showed infiltration with MAC-2 þ cells nor expression of MMP-12 ( Figure 3f ).
To further identify the cell type involved in the increased gene expression, we separated macrophages and adipocytes from gonadal adipose tissue of db/db mice fed HF/S. The ratio of gene expression between adipocytes and macrophages given in Figure 4 revealed that expression of MMP-12 and cathepsin K were similar in both fractions, whereas MMP-14 expression was essentially confined to adipocytes. n-3 PUFA prevent adipose tissue remodeling J Huber et al
Quantification of MMP-12-positive cells revealed a HF/Sinduced increase of MMP-12 protein expression in db/db mice that was completely prevented by inclusion of n-3 PUFA (Figure 5a ). When analyzing MMP-12 expression confined to MAC-2 þ macrophages, 51% of the macrophages stained positive for MMP-12 protein in db/db mice on HF/S, whereas only 2% were found positive for MMP-12 in db/db animals treated with LF or n-3 PUFA (Figure 5b ). Taken together, these results show that altered expression of MMP-12 mRNA was paralleled by MMP-12 protein expression in adipose tissue of obese diabetic mice on different high-fat diets and that MMP-12 protein was associated with infiltrating macrophages as well as adipocytes.
Genes involved in matrix production
Adipose tissue of db/db mice on HF/S seemed to contain more collagen in the extracellular space than animals on LF (Figure 2a and b) . However, inclusion of n-6 ( Figure 2c ) and n-3 PUFA (Figure 2d ) in the high-fat diet reduced the apparent amount of the extracellular matrix in adipose tissue from db/db mice. In contrast, adipose tissue of db/ þ mice on LF showed only minimal extracellular matrix (Figure 2e ). In order to investigate whether increased expression of matrix degrading genes was associated or not with increased matrix turnover, we assessed the regulation of genes involved in matrix production. In db/db mice, HF/S increased mRNA expression of fibril-forming procollagens I, n-3 PUFA prevent adipose tissue remodeling J Huber et al III and V when compared to animals on LF (Figure 6a ). Expression of procollagen I, III and V was confined to adipocytes as revealed by an adipocyte/macrophage expression ratio of 9.3-, 8.1-and 12-fold, respectively (Figure 4 ). In addition, increased gene expression was detected of nonfibrillous matrix constituents such as the beaded microfilaments procollagen VI, and the network-forming procollagen VIII, as well as of the non-collagenous glycoproteins involved in matrix production, tenascin C and biglycan (Figure 6b ). Expression of procollagen VI and VIII was confined to adipocytes as revealed by an adipocyte/macrophage expression ratio of 13.4-and 8.9-fold, respectively ( Figure 4) . Finally, expression of microfibril-forming fibrillin-1 and microfibril-associated glycoprotein-2, both essential components of elastic fibers, 31 was increased in db/db mice on HF/S when compared to animals on LF (Figure 6c ). Treatment with n-3 PUFA efficiently prevented high-fatinduced alterations in db/db mice (Figure 6a-c) . Lean db/ þ mice on LF showed considerably lower expression of procollagens, glycoproteins and fibrillin-1 compared to db/ db mice on LF (Figure 6a-c) . Accordingly, histochemical analysis of matrix components by Gomori's trichrome stain and aldehyde fuchsin to stain reticular collagen and elastic fibers, respectively, suggested increased abundance of these matrix components in db/db animals on HF/S that was completely prevented by HF/3 (data not shown).
Discussion
Obesity is characterized by extensive reorganization of adipose tissue involving inflammation, adipogenesis, angiogenesis and extracellular matrix remodeling. 1, 32 Here, we show that adipose tissue expression of genes involved in matrix remodeling in obese diabetic db/db mice is strikingly upregulated by a usual high-fat diet rich in saturated and monounsaturated fatty acids resulting in the net accumulation of extracellular matrix components in parallel with increased adipocyte size. N-6 PUFA-rich high-fat diet resulted in minor amelioration of the high-fat diet-induced changes. However, inclusion of n-3 PUFA completely prevented high-fat dietinduced upregulation of these genes and excess accretion of extracellular matrix while reducing adipocyte size. The catalytic activity of MMPs is tightly regulated and determined by the balance between the levels of activated MMPs and TIMPs. The presence of enzymatically active MMPs is enhanced in adipose tissue of obese mice. 8, 9 MMP-14 was shown to promote adipocyte differentiation, adipocyte growth and direct three-dimensional development of adipose tissue by increasing accumulation of collagen degradation products leading to matrix remodeling. 33 Cathepsins are cysteine proteases capable of degrading extracellular matrix components of adipose tissue. [34] [35] [36] Cathepsin K and S mRNA and protein expression is also increased in adipose tissue of obese humans and obese db/db mice. 37, 38 Accordingly, expression of enzymes involved in matrix degradation such as MMP-12, and -14, cathepsins K, L and S was upregulated in white adipose tissue in response to obesity in our study. Moreover, our data revealed that increased expression of genes leading to matrix degradation in obese diabetic mice was not restricted to intra-abdominal adipose tissue as it was also found in subcutaneous adipose tissue (Figure 1 ), which is in agreement with earlier studies. 9 Increased gene expression of these proteolytic enzymes by high-fat diets suggested that high-fat diets per se enhance matrix degradation in obese animals. However, as revealed by our study, occurrence of matrix degradation in adipose tissue of obese animals strongly depends on dietary fat quality as inclusion of marine n-3 PUFA completely prevented these alterations. High-fat diet also increased expression of procollagens (I, III, V, VI and VIII), non-collagenous matrix proteins (biglycan and tenascin C) and microfibril-forming components (fibrillin-1 and microfibril-associated glycoprotein-2). n-3 PUFA prevent adipose tissue remodeling J Huber et al
Together with data on matrix degradation and as suggested by histochemical analysis (data not shown) these results point to enhanced matrix turnover by high-fat diet resulting in accumulation of matrix components that was completely prevented by n-3 PUFA. Adipocytes produce extracellular matrix components, in particular collagen I, III, V and VI during differentiation. 39, 40 Collagen, in particular type V and VI, which is newly synthesized and organized by adipocytes during differentiation, seems to be necessary for triglyceride accumulation. 41 Selected procollagen genes were highly expressed in adipocytes compared with macrophages also in our study (Figure 4 ) emphasizing that adipocytes themselves remodel their surrounding matrix under high-fat diet feeding. In addition to matrix component genes, expression of arginase type I that provides proline precursors for collagen production [42] [43] [44] was strongly upregulated in gonadal adipose tissue of db/db mice fed HF/S compared with those on LF but this upregulation was prevented by n-3 PUFA (data not shown). Increased gene expression of procollagens, arginase type I, glycoproteins and fibrillin-1 could thereby promote the production of collagen and elastic fibers in adipose tissue of obese mice on high-fat diet. Striking downregulation of the expression of these genes by n-3 PUFA indicates interference with enhanced accumulation of extracellular matrix components. Thus, n-3 PUFA could limit adipose tissue remodeling by reducing matrix degradation and production. In parallel with effect on matrix remodeling, n-3 PUFA effectively reduced high-fat diet-induced adipocyte enlargement. Notably, the 1.55-fold increase in mean adipocyte area by high-fat diet corresponds to a difference of approximately two-fold in adipocyte volume. Adipocyte size well correlates with insulin resistance. 45, 46 In previous studies, n-3 PUFArich diets potently limited accumulation of lipids in adipocytes 47, 48 and reduced adipocyte size in obese diabetic patients. 49 Adiponectin promotes preadipocyte proliferation and differentiation to adipocytes and improves insulin sensitivity. 50 Recently, we showed that adiponectin gene expression and serum concentrations were increased in db/db mice fed HF/3 compared with those on HF/S. 27 Moreover, as n-3 PUFA were clearly enriched in adipose tissue of mice fed with n-3 PUFA in our study (Table 2) , it could be speculated that derivatives of long-chain n-3 PUFA directly stimulate adipogenesis, for example, by interacting with peroxisome proliferator-activated receptor (PPAR)-g. 51, 52 In addition, expression of adipsin, an adipocyte differentiation dependent gene product, 53 was upregulated threefold in db/db mice fed HF/3 compared with HF/S (data not shown). Thus, the data suggest increased preadipocyte proliferation and differentiation of small adipocytes particularly in mice fed HF/3. Development of systemic insulin resistance appears to be linked to ectopic accumulation of triglycerides in muscle and liver. 54 Inclusion of n-3 PUFA reduced high-fat diet-induced triglyceride concentrations in livers of diabetic obese mice in our study (Table 3) . Similarly, dietary n-3 PUFA were shown to decrease hepatic triglyceride concentrations in lowdensity lipoprotein receptor knockout mice. 55 in the development of diet-induced obesity and facilitates an increase in adipocyte size. 12 Thus, the effect of n-3 PUFA to reduce MMP and TIMP-1 expression could directly be related to their ability to reduce adipocyte size. Recently, it was shown that inflammatory changes in adipose tissue of obese mice are predominantly due to macrophage infiltration. 14, 15 Of note, MMP-12 is required for macrophage-mediated proteolysis of extracellular matrix components and tissue invasion. 29 MMP-12 is not only expressed by macrophages, but also by preadipocytes, which can adopt macrophage-like functions 30 and by mature adipocytes. 9 Our results on protein and mRNA expression showing that macrophages and adipocytes both synthesize MMP-12 ( Figures 3 and 4) confirm that both cell types contribute to MMP-12 production in adipose tissue of obese mice. MMP-12 expression by macrophages and adipocytes could not only promote macrophage infiltration of adipose tissue, but also facilitate adipocyte growth during the development of obesity. Prevention of MMP-12 mRNA and protein expression by n-3 PUFA could hence play a crucial role in reducing adipose tissue inflammation and matrix remodeling in obesity. In human studies, including such as in obese diabetic patients, about 3-4 g/day of n-3 PUFA from fish oil significantly decreased serum triglyceride concentrations by 25-30%. 59, 60 The metabolic effect of n-3 PUFA in humans is comparable to approximately 38% decrease in serum triglyceride concentrations found by us in a previous study with these high-fat diets in obese diabetic mice. 27 Moreover, treatment of obese diabetic patients with 1.8 g/day of n-3 PUFA have recently been shown to reduce adipocyte size.
concentrations of these fatty acids, compete for cyclooxygenase with arachidonic acid, 64 affect membrane raft function in signal transduction 65 and modulate the activity of transcription factors such as PPARs, liver Â receptors or sterol regulatory element-binding protein-1c. 63 Alteration of eicosanoid synthesis, activation of PPAR-g and inhibition of liver Â receptors are attractive candidates for n-3 PUFA action in adipose tissue of obese animals. Inclusion of n-3 PUFA to a high-fat diet stimulated adiponectin gene expression in adipose tissue and increased adiponectin blood concentrations in mice probably by activating PPAR-g, which has a response element in the adiponectin promoter. 27, 51, [66] [67] [68] Consumption of saturated fat is highly correlated with increased diabetes risk. 69 The data presented here emphasize that the quality of the dietary fat determines its impact on adipose tissue remodeling, independent of body weight. In this context, modulation of matrix proteinase expression and adipocyte size by n-3 PUFA could be of critical importance. Moreover, interference with high-fat diet-induced adipose tissue remodeling could underlie the preventive effect of n-3 PUFA for the development of type 2 diabetes in obese patients.
